Background/Aims: The activation of acid sphingomyelinase by cellular stress or receptors or the de novo synthesis lead to the formation of ceramide (N-acylsphingosine), which in turn modifies the biophysical properties of cellular membrane and greatly amplifies the intensity of the initial signal. Ceramide, which acts by re-organizing a given signalosome rather than being a second messenger, has many functions in infection biology, cancer, cardiovascular syndromes, and immune regulation. Experimental studies on the infection of human cells with different bacterial agents demonstrated the activation of the acid sphingomyelinase/ ceramide system. Moreover, the release of ceramide was found to be a requisite for the uptake of the pathogen. Considering the particular importance of the cellular role of ceramide, it was necessary to develop sensitive and accurate methods for its quantification. Methods: Here, we describe a method quantifying ceramide in dendritic cells and defining the different fatty acids (FA) bound to sphingosine. The main steps of the method include extraction of total lipids, separation of the ceramide by thin-layer chromatography, derivatization of ceramide-fatty acids (Cer-FA), and quantitation of these acids in their methyl form by gas chromatography on polar capillary columns. The identification of FA was achieved by means of known standards and confirmed by mass spectrometry. Results: FA ranging between C 10 and C 24 could be detected and quantified. The concentration of the sum of Cer-FA amounted to 14.88 ± 8.98 nmol/10 6 cells (n=10). Oleic acid, which accounted for approximately half of Cer-FA (7.73 ± 6.52 nmol/10 6 cells) was the predominant fatty acid followed by palmitic acid (3.47 ± 1.54 nmol/10 6 cells). Conclusion: This highly sensitive method allows the quantification of different molecular species of ceramides.
Introduction
Ceramide (N-acylsphingosine) is released from sphingomyelin (SM) by the activity of acid, neutral, and alkaline sphingomyelinases, as well as synthesized de novo [1] [2] [3] . Ceramide is converted to sphingosine by acid, neutral, or alkaline ceramidases, to ceramide-1-phosphate by ceramide kinase, and to glycosylated ceramide derivatives by glucosyltransferases [1] [2] [3] . Sphingosine is further phosphorylated by sphingosine kinase (SPK) to S1P, which is finally degraded by a lyase activity [1] [2] [3] .
The transfer of an acyl group (N-acylation) to sphinganine (de novo synthesis) or sphingosine to form ceramide is catalyzed by a family of six enzymes, the ceramide synthases (CerS 1 to 6) [4] . It has been demonstrated that each synthase is responsible for the transfer of a specific group of fatty acids according to the chain length and degree of unsaturation [5] [6] [7] [8] .
Activation of acid sphingomyelinase and a concomitant increase in the cellular ceramide concentration is triggered by diverse receptors including those for CD95, TNF, IL-1, and PAF, and by cellular stress such as ischemia, radiation, oxidative stress or chemotherapeutic agents [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . These stimuli trigger fusion of specialized secretory lysosomes with plasma membranes, resulting in surface exposure of acid sphingomyelinase and generation of ceramide in the anti-cytoplasmic leaflet of cell membranes [9, 18, 19] . Therein ceramide molecules spontaneously self associate to form small ceramide-enriched membrane domains that fuse to become large ceramide-enriched membrane platforms. These platforms serve to cluster cognate receptors and other signaling molecules to greatly amplify initial signal density, thereby mediating transmembrane effects of receptor activation or stress [9, 18] . Thus, ceramide seems to mainly act by changing biophysical properties of cellular membranes, thereby enabling redistribution of receptors and signaling molecules, conferring signal transduction driven by proximity. Since ceramide acts by re-organising a given signalosome rather than being a second messenger, this lipid has many functions, for instance in infectious biology, cancer, cardiovascular syndromes and immune regulation (for a review see [20] ). For instance the important role of the acid sphingomyleinase/ ceramide pathway in bacterial infection was intensively studied. First studies demonstrated an activation of the acid sphingomyelinase/ceramide system for infection of human cells with Neisseriae gonorrhoeae [21] . When human cells were infected with N. gonorrhoeae, acid sphingomyelinase was activated and ceramide was released, an event required for cellular uptake of the pathogen. These paradigmatic experiments were extended to studies on the role of the acid sphingomyelinase/ceramide system in infection of mammalian cells with Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, Listeria monocytogenes, Salmonella enterica serovar typhimurium, Mycobacterium avium, rhinovirus, measles virus, and Sindbis virus [22] [23] [24] [25] [26] [27] [28] [29] [30] . Collectively, these studies demonstrated that acid sphingomyelinase activation and concomitant ceramide release after infection of mammalian cells with these pathogens is required for uptake, intracellular processing and/or apoptosis.
These studies highlight the outstanding biomedical function of ceramide. It is therefore necessary to develop very accurate methods of quantification of ceramide.
Reported methods of quantification of ceramide include biochemical methods with the use of radiolabelled molecules [31, 32] or methods of mass spectrometry (MS) [such as those reported in 33 and 34], liquid chromatography (LC) coupled to mass spectrometry (LC/MS) [35] and LC/MS/MS [36, 37] as well as electrospray tandem mass spectrometry (ECI-MS) [38] [39] [40] . While the kinases assays measuring ceramide are quantitative and very sensitive, they only allow limited analysis of different ceramide species and require radioisotopes. Mass spectrometry allows very accurate and very sensitive quantitative analysis of ceramide species, but it is of limited availability. The present paper describes a sensitive and accurate quantification of ceramides by measuring the fatty acids bound to sphingosine (ceramidefatty acids, Cer-FA) by means of capillary gas chromatography (GC). Additional mass spectrometric analyses confirmed the identity of analyzed fatty acids.
Materials and Methods

Culture of bone marrow dendritic cells
Dendritic cells (DCs) were isolated [41] from bone marrow of 8-to 12-week-old female and male mice (Charles River, Sulzfeld, Germany), which were housed in a temperature and humidity controlled room at a 12 hour reversed light cycle and with access to food and water ad libitum. Bone marrow derived cells were flushed out of the cavities from the femur and tibia with cold PBS (Gibco, Carlsbad, CA, USA). Cells were then washed twice with warm RPMI with L-glutamine (Gibco, Carlsbad, CA, USA) containing: 10% fetal calf serum (FCS), 1% penicillin/streptomycin, 1% nonessential amino acids, and 0.05% β-mercaptoethanol and seeded out at a density of 2 × 10 6 cells/10ml per 60-mm dish. Cells were cultured for 8 days and fed with fresh RPMI medium containing GM-CSF (35 ng/ml, Immunotools) on days 3 and 6. At day 7, >95% of the cells expressed CD11c, which is a marker for mouse DCs. Experiments were performed on DCs at day 7-9 after isolation.
Standards and Reagents C 17 -Ceramide was purchased from Avanti-Polar Lipids Inc. (Alabaster, AL, USA). Other lipid standards, as well as fused silica SP 2340 capillary column for chromatography were from Sigma-Aldrich (Taufkirchen, Germany). Analytical grade solvents were obtained from VWR (Bruchsal, Germany). ThinLayer Chromatography plates (Silica gel G60) and fused silica FFAP capillary column were purchased from Macherey and Nagel (Düren, Germany) and Sigma-Aldrich (Taufkirchen, Germany).
Determination of ceramides
As soon as ready, DCs were immersed in 2 ml of a mixture of chloroform: methanol, 2:1 [42] precooled at +2°C and containing BHT (0.01% in acetone) as antioxidant. An appropriate amount of internal standard, C 17 -Ceramide (2 nmol/10 6 cells) was added and total lipids were extracted by vortexing 30 seconds. Then, a biphasic system was installed by adding 1 ml NaCl 1% and the mixture was centrifuged at 2795 g for 10 minutes. The methanol/water phase was discarded and the chloroformic phase was evaporated under a stream of nitrogen at room temperature. The dried extract was taken in 10 µl chloroform and applied onto thin-layer plates. A standard mixture of authentic lipids was applied on a separated plate and allowed to run in parallel.
The developing solvent was a modification of that reported by Jäger et al. [43] and consisted in 2 runs: Firstly, the plates were developed to a distance of 5.5 cm above the start line in a mixture of toluol: diethylether: methanol: acetic acid (55:45:1:1), and, secondly, after drying, in a mixture of hexane: diethylether: acetic acid (1:9:0.1) to a distance of 16 cm. This system allowed a perfect separation of ceramides without any interference with either phospholipids, sphingomyelin (these two lipids remained by the start line) or monoglycerides ( Table 1) .
The location of the band of ceramides derived from DCs was determined by comparison with the standard plate, which was coloured by spraying a 0.01% solution of Rhodamin B in acetone. This band was carefully scrapped off and transferred to screw caped tubes. Ceramides were transmethylated for 90 minutes at 100°C in the presence of boron trifluoride methanol 14% [44] . Methylated fatty acids (Fatty acid methyl esters, FAME) of ceramides were extracted with hexane and analyzed by gas chromatography. The gas chromatograph was a Chrompack 9001 equipped with a split/splitless injector and a flame ionization detector connected to a HP 3396A integrator. A specific fused silica capillary column was used. It was a (25 mm x 0.25 mm x 0.2 µm) FFAP connected with a (15 mx 0.35 mm x 0.2 µm) SP 2340. The analysis of FAME of ceramides (Cer-FAME) was carried out under the following conditions: 20) and hydrogen at flow rates of 300 and 30 ml/min respectively.
-Oven temperature: 110°C for 1 minute followed by an increase up to 215 °C at a rate of 1.9°/min. The peaks (each one corresponding to one fatty acid) were identified by comparing their retention times with those of authentic lipid standards. They were integrated and calculated according to the internal standard method.
By means of the above-mentioned conditions, 20 fatty acids (those listed under "Abbreviations") with chain length ranging between 10 and 24 carbons and including saturated as well as mono-and polyunsaturated acids could be determined in each run. To avoid any loss or contamination of the lipids, only glassware was used during the whole procedure.
Each molecule of fatty acid (FA) is bound to one molecule of sphingosine to form one ceramidemolecule. This means that the concentration FA (here in nmol/10 6 cells) represents the concentration of ceramides in the same unit. Ceramide level is defined as the sum of the concentrations of measured FA.
To confirm the identity of Cer-FAME with Gas Chromatography/Mass Spectrometry (GC/MS), one sample of Ceramide-FAME prepared as above described was submitted to a GC/MS analysis under the following conditions:
-A Hewlett Packard HP 6890 gas chromatograph was coupled with a Quadrupol Hewlett Packard 5973 mass selective detector.
-Carrier gas: Helium at a flow of 1.3 ml/min. -Injection mode: splitless (split off for 0.5 min) at 215 °C.
-Interface temperature: 230°C.
-Oven programm: 80°C for 3 min followed by an increase to 215 °C at a rate of 6°C/min. The capillary column was the same as for GC analyses.
Results are provided as mean ± SEM.
Results
In each analysis, twenty FA derived from the ceramides of dendritic cells (those listed under "Abbreviations") were detected. Seven FA could be found systematically: 10:0, 12:0, 14:0, 16:0, 18:0, 18:1ω9, and 18:2ω6. Some others (16.1t, 16:1c, 20:4ω6, 24:0, 22:6ω3, and 24:1ω9) were detected in at least 4 samples and have been included in the results. However, those which were detected just occasionally (such as 18:3ω6, 18:3ω3, 20:5ω3) have not been retained. Four FA, 18:1ω7, 20:3ω6, 22:4ω6, and 22:5 ω3 were not found in any sample (Fig. 1) . The concentration of the sum of Cer-FA amounted 14.88 ± 8.98 nmol/10 6 cells (n=10). As shown in Fig. 2 , oleic acid, accounting for approximately half of Cer-FA (7.73 ± 6.52 nmol/10 6 cells) was the predominant fatty acid. It was followed by palmitic acid (3.47 ± 1.54 nmol/10 6 cells). As mentioned in the section "Methods", the identity of the analyzed FA was confirmed by an additional GC/MS-analysis, and both Fig. 3 and Fig. 4 show the characteristic mass spectra of the two major fatty acids, 16:0 and 18:1ω9.
According to the degree of unsaturation, Cer-FA can be divided into saturated ( By means of polar phase of capillary columns, geometric (cis-trans) and positional (ω9/ ω7) isomers could be separated as well. Surprisingly, 18:1ω7, which is normally present in lipids of plasma, tissues or membranes was not detected in dendritic cells. Cis and trans isomers of 16:1 constituted just trace compounds. By using the above-mentioned capillary columns the detection level could be lowered to 4.5 ng.
Discussion
The present study describes a novel method for quantification of the ceramides -here applied to the dendritic cells-by determining the various FA bound to sphingosine molecules. By means of this method, saturated, mono-as well as polyunsaturated fatty acids ranging between C 10 and C 24 could be quantified accurately. Their identity was determined by means of well-known standards and confirmed by coupling the gas chromatography to mass spectrometry.
The validation of such a method requires two conditions: 1. that no contamination with another lipid class did occur, and 2. that any loss occurring during the preparation, even in a minimal range, was able to be quantified and corrected.
The steps of the present method include the extraction of the whole lipids of DCs, the separation of the ceramides by means of TLC, and the derivatization of Cer-FA to FAME prior to their introduction into the gas chromatograph. This procedure was described earlier [45, 46] and can be applied to any lipid class.
The cellular concentration of Cer-FA was shown to be very low (in the nanomolar range). Nevertheless, the following three points of the present method demonstrate how any interference with other lipids could definitely be avoided: Firstly, the freshly prepared cell suspension was directly transferred into the extraction medium [42] . This exluded any risk of hydrolysis of other lipids, such as phospholipids. Secondly, Folch medium contained BHT as antioxidant, and, thirdly, at the end of TLC step, ceramides were found to be located in a very distinct zone (as shown by R f values, Table 1 ) and far enough from other polar lipids, such as phospholipids and sphingomyelin. These two lipid classes are normally present in a much greater amount and represent the risk of being concomitantly scrapped off with ceramides if not correctly separated.
Cer-FA were derivatized by means of 14% boron trifluoride methanol, a widely utilized reagent [45, 46] , which achieves within 90 min at 100°C two reactions at the same time: The cleavage of the sphingosine as well as the methylation of the liberated FA. The last reaction makes FA molecules ready for the GC analyses as FAME. Any loss occurring in this step, as well as during the whole preparation can be corrected by means of the internal standard method.
The use of capillary columns with an appropriate phase allowed the separation of isomers and revealed the present of shorter-chain saturated FA, such as 10:0 and 12:0 in very low concentration (0.1 to 0.4 nmol/10 6 cells) in the ceramides of DCs. Other saturated FA, such as 14:0 and 18:0, were also found in low concentrations (0.5 to 1.1 nmol/10 6 cells). Such information has -to our knowledge-not yet been reported.
According to their percentage (Fig. 2) , Cer-FA can be divided into major (14:0, 16:0, 18:0, 18:2ω6) and minor (all other) FA. It was not surprising that some minor FA, such as 20:4ω6 or 24:0 escaped to detection in some DC samples, since their concentration is likely to be below the detection limit of the present technique. Another point is the occurrence of 16:1t, which can normally be detected in the cells upon a diet rich in trans-FA: A plausible explanation is an isomerase-catalyzed cis-trans conversion of 16:1c. This type of isomerase has been found to act even in the absence of energy-dependent mechanisms [47] .
By means of the present method, twenty Cer-FA could be detected and accurately determined in each run. This broad spectrum of analyzed FA, coupled to the accuracy of the analysis (due mainly to the high resolution of capillary columns) represents the advantages of the present technique. In comparison, techniques of mass spectrometry and LC/MS/ MS possess two advantages: The first is the ability to analyze ceramide species directly, eliminating thus the derivatization step. The second is the much lower detection limit, which can reach the pmol range [40] . Therefore, one can see in a future perspective of establishing a GC/MS method a promising technique which, although needing a longer preparation, combines both advantages of GC and MS.
A quantitative comparison of our results with those of other investigators was not possible. The main reason is the difference in the units used to express the results, and these are quite different from one group to another (see [48] , ceramide content of rat cerebellar granule neurons: 1.6 ± 0.15 nmol/mg protein; [35] : ceramide content of murine tracheal epithelial cells: ca. 100 ± 20 pmol/sample; [36] , ceramide content of fibroblast cells: 248.6 ± 1.4 pmol/mg protein). However, the concentrations detected in the present study are in the same nanomolar range as for instance in cultured neurons. Further, the comparison of the composition in FA, when possible [see Ref. 36 and 40] clearly shows a specific distribution of the fatty acids of ceramide molecules according to the cell type and the physiological/ pathological status.
Ceramides were found to be involved in physiological (e.g. neuronal function, cell adhesion) and pathological (e.g. diabetes, rheumatoid arthritis, multiple sclerosis, cell stress) processes [49] . The composition of FA bound to sphingosine may be involved in the shift from a normal to a pathological function of ceramides within cells. In both cases, the differential role of the Cer-FA remains to be addressed: Free fatty acids, and more particularly, free oleic acid (oleic acid constituted alone 41% of Cer-FA) was found to induce Ca 2+ mobilization in human platelets, acting thus as an intracellular messenger [50] . Further investigations are needed to clarify the role of the different fatty acids present in ceramide molecules.
